We examined the relationship of preinjury intelligence, a lesionseverity variable (brain-tissue loss volume), and lesion location to the persistence of cognitive deficits in Vietnam veterans with penetrating brain wounds. Using stepwise multiple linear regression procedures, we found that preinjury intelligence predicted a significant amount of the variance on postinjury cognitive testing, being a better predictor for tests requiring a number of complementary cognitive processes (e.g., intelligence tests) than for tests measuring a specific cognitive process (e.g., face recognition). Brain-tissue volume loss was found to play a larger role when a global cognitive measure was used, but a smaller role when a specific cognitive process was measured. Finally, lesion location was shown to be a significant predictor of performance only for specific cognitive processes. Nevertheless, preinjury intelligence/education appears to play an even larger role in postinjury performance than either brain-tissue loss volume or a particular structural loss.
We examined the relationship of preinjury intelligence, a lesionseverity variable (brain-tissue loss volume), and lesion location to the persistence of cognitive deficits in Vietnam veterans with penetrating brain wounds. Using stepwise multiple linear regression procedures, we found that preinjury intelligence predicted a significant amount of the variance on postinjury cognitive testing, being a better predictor for tests requiring a number of complementary cognitive processes (e.g., intelligence tests) than for tests measuring a specific cognitive process (e.g., face recognition). Brain-tissue volume loss was found to play a larger role when a global cognitive measure was used, but a smaller role when a specific cognitive process was measured. Finally, lesion location was shown to be a significant predictor of performance only for specific cognitive processes. Nevertheless, preinjury intelligence/education appears to play an even larger role in postinjury performance than either brain-tissue loss volume or a particular structural loss. Lashley (1963) hypothesized that cognitive deficits following cerebral ablations are directly related to the amount of tissue ablated, irrespective of the location of that lesion. This claim has never been adequately addressed by research with human, brain-injured subjects (Eidelberg and Stein, 1974) . However, the most extensive attempt to investigate the effect of localized lesions in humans was carried out by Teuber (1959) and his colleagues, who investigated the effect of penetrating missile wounds upon behavior in World War II and Korean War veterans. Early work by this group (Teuber et al., 1952) indicated that "intellectual deficits" following posterior brain lesions were generally more severe than those following anterior lesions. More refined analysis enabled Weinstein and Teuber (1957b) to specify the critical location as the left parietotemporal cortex, although they cautioned that their results were probably testspecific. In addition, when all lesion sites were considered, the long-term effect of a penetrating brain wound upon "general intelligence" seemed limited. Other analyses by Teuber's group (Teuber, 1959; Teuber and Liebert, 1958) demonstrated that general as well as specific effects could be observed following penetrating brain wounds. For example, in contrast to intelligence-test performance, which was primarily affected by left temporoparietal brain lesions, performance on the Hidden Figures Test was not associated with lesions to a specific lobe or hemisphere (Corkin, 1979; Teuber and Weinstein, 1956) . Teuber (1960) also considered premorbid factors in postinjury test performance. He speculated that preinjury motives and attitudes could modify postinjury recovery, but that this effect was probably restricted to patients with smaller lesions. Larger lesions or "strategically placed" lesions could interfere with the patient's abiltiy to act on his motives or to remember them. An earlier study by Weinstein and Teuber ( 19 5 7a) gave no support to the hypothesis that preinjury education or preinjury intelligence level would be related to the magnitude of postinjury loss of intellectual functioning. More recent work by Newcombe (1969) and others (e.g., Black, 1974) supplemented and refined many of the above findings.
Experimental animal research has led to a more complicated picture than the one originally envisioned by Lashley in explaining lesion effects upon behavior. Among others, Nakamura and Gazzaniga (1978) directly challenged Lashley's original hypothesis and showed it to be false. LeVere (1975) has commented on the remarkable ability of "neural centers" to exhibit a great degree of recovery of function following brain lesions. He touches upon the observation that "pre-lesion behavior patterns" are able to withstand neurologic insult and that this survival is primarily dependent on spared (presumably differentiated from the impaired) functional capacities and not "reorganization" of neural tissue. In principle, Meyer and Meyer (1977) have supported this thesis, but their studies also reveal that postinjury relearning of a selective habit is not only possible, but can be selectively facilitated by certain interventions. As Thompson et al. (1983) point out, while the issue of localization remains fundamental to research on learning and memory, it has clearly become complex and will depend, for further resolution, on interdisciplinary collaboration, ranging from psychological research to studies of learning at the level of the synapse (Cotman and Nieto-Sampedro, 1982) .
Despite the interest in Lashley's hypothesis and cortical localization, there has not been an adequate comparison of the effects of lesion location, overall size of lesion, and premorbid factors upon performance on a variety of cognitive tasks in a single study in humans. We have had the opportunity to examine the relationship of total volume ofbrain-tissue loss, lesion location (i.e., involvement of particular brain structures), and preinjury intelligence to the persistence of cognitive deficits in Vietnam veterans with penetrating brain wounds. We hypoth-302 Grafman et al. Vol. 6, No. 2, Feb. 1986 Relevant subject characteristics and group means and standard deviations on the dependent variables (the tests are described in the text).
esized that brain-tissue loss volume would be an important predictor of performance when a "global" cognitive measure was used (e.g., an additive measure of intelligence that depends on several complementary cognitive processes), but would have a smaller role when a more specific cognitive process was tested (e.g., spatial rotation ability that depends on a cognitive process less susceptible to further fractionation). Lesion location was thought to be a significant predictor of performance only when assessing a specific cognitive process. In addition, we predicted that a preinjury estimate of intelligence [i.e., the Armed Forces Qualification Test (AFQT)] would also account for a large amount of the variance on postinjury cognitive performance, being greater for global cognitive measures representing several complementary cognitive processes, and less for tests measuring a specific cognitive process.
We conducted a retrospective pilot study (with subjects drawn from the same sample as subjects in the present study) that supported our hypotheses. For example, preinjury AFQT performance (F = 406.92, p = O.OOOl), total brain-tissue loss volume (I; = 47.69, p = O.OOOl), and, to a lesser degree, left temporal-occipital white matter involvement (F= 15.95, p = 0.0001) all predicted postinjury intelligence-test performance as represented by a global score (total R2 = 0.64). However, when the more specific cognitive measure of face discrimination was tested, total brain-tissue loss volume did not contribute to the regression model (F = 0.06, p = 0.81), and preinjury AFQT performance made a smaller contribution (F = 32.30, p = 0.0001) to predicting performance than when the dependent variable was a general intelligence measure; involvement of several specific cortical structures (e.g., the area surrounding the right mesencephalon: F = 19.92, p = 0.000 1) made a relatively larger contribution to the prediction of face-discrimination performance.
In this paper, we attempt to validate these findings by directly testing our hypotheses within unilateral lesion groups, using two regression models, one including and one not including a measure of preinjury intelligence.
Materials and Methods

Subjects
The Vietnam Head Injury Study (VHIS) registry includes 113 1 men who survived penetrating brain wounds in Vietnam and on whom there are detailed medical records beginning as early as 10 min after injury, and continuing through Veterans Administration (VA) followup files some 5 years later (VHIS Phase I). Because of the availabilility of helicopter evacuation and the deployment of neurological surgeons close to the battlefront, most patients received neurosurgical care within a few hours (median = 6 hr) of injury. As a consequence, our population included many patients with such severe injuries that they probably would not have survived in previous wars. Seventy-eight percent of the injuries involved multiple lobes and 30% crossed the midline. The majority (77%) suffered fragment wounds from explosive devices, while 16% had gunshot wounds (usually tangential). The low proportion of gunshot wounds in our population reflects the use of high-velocity rifle ammunition in Vietnam and the relatively poor survival rate following head wounds from such weapons. Subjects selected for this study were chosen from a sample of 520 male Vietnam veterans who had recently undergone an extensive multidisciplinary reevaluation at Walter Reed Army Medical Center (WRAMC). All closed-head, bilingual, preinjury left-handed, and second head injury cases were excluded from the analysis. In addition, all subjects whose lesion crossed the midline (bilateral lesions) were also excluded. We studied 98 right-handed, right hemisphere lesion cases and 84 right-handed, left hemisphere lesion cases. Table 1 presents basic identifying data about the subjects, along with their mean test scores. The lesion groups are comparable for current age and educational level as well as for age at injury and preinjury intelligence level.
CT scan analysis
Lesion location and volume were determined by a computerized tomography (CT) scan procedure/software program specifically devised for our study. CTs were done with a GE 8800 scanner in standardized 5 mm cuts at about 25" to Reid's baseline, yielding about 24 slices per patient. Involvement of over 80 specific brain areas was coded for computer entry by the use of standard templates prepared for each slice, assigning code numbers to each area. Structures only partly involved on CT were considered to be completely involved for our analysis; thus we included potential areas of hypofunctioning tissue surrounding the CT defect. As a further aid in localization, a corresponding photographic, anatomic atlas was prepared by slicing a fresh-frozen specimen in situ at the same angle on a large cryotome, and photographing it at 1 mm intervals, which yielded over 130 brain sections. Image analysis included both a subjective morphological interpretation and a quantitative lesion analysis using a light pen to outline the affected area in each slice. Total lesion volume was then calculated from a summation of these areas on relevant slices.
We considered 26 major individual and composite structures in a mutually exclusive way so as to represent different areas of the brain. The CT scan structure descriptions were as follows: (1) cerebellum, (2) mesencephalon, (3) combined frontal cortex gray matter, (4) combined frontalparietal cortex, (5) combined temporal cortex, (6) combined temporaloccipital cortex, (7) convexity cortex, (8) mesial cortex, (9) corona radiata, ( 10) internal capsule, (11) external capsule, (12) insular cortex, (13) thalamus, (14) 
Tests
The following measures (which were normally distributed in the headinjury group as a whole), selected from a much larger battery of neuropsychological tests, were used for this analysis:
1. Wechsler Adult Intelligence Scale (WAIS). Subjects were assessed on a composite battery of tests designed to measure intellectual abilities. Measures utilized from this test included a composite, standardized score of verbal intelligence (VIQ), a composite, standardized score of visual-spatial/performance ability (PIQ), and a general, standardized score of intelligence (FSIQ). In addition, standardized scores from three WAIS subtests were considered: (a) the Comprehension subtest, which assesses common-sense judgment, practical reasoning, and proverb understanding; (b) the Similarities subtest, which assesses verbal concept ability (i.e., analogy reasoning); and (c) the Block Design subtest, a visual-motor construction task requiring three-dimensional block reconstruction of a two-dimensional design (Matarazzo, 1972; Wechsler, 1955) .
Verbal Concept Attainment Test (VCAT). Subjects are required to
identify a set of words that best represents a concept (e.g., the subject views a card containing three rows of three words each, and is then required to choose one word from each row, the three chosen words representing a single concept). The concepts vary from concrete (e.g., names of trees) to abstract (e.g., living things). The dependent variable chosen was total number of categories accurately identified (Matthews, 1977). 3. Spatial Rotation Judgment Test. Subjects are required to choose which two out of four two-dimensional target drawings, made to resemble three-dimensional shapes, match a stimulus. Two of the designs are matches, but rotated at various deflections in a 180" plane. One of the distractor designs is a mirror image of the stimulus, while the other is a totally different design. The dependent variable chosen was a correction score (hits -false positive responses) (Vandenberg and Kuse, 1978) .
General cognitive measures were those dependent variables that summed cognitive performance on a variety of specific tasks. Specific cognitive measures were those dependent variables that represented relatively task-specific cognitive performance. The dependent variables we used are itemized below under their respective categories. Statistical analysis Total brain-tissue loss volume and the previously mentioned 26 structures were used as predictors (i.e., of whether the amount of tissue loss and/or a critical lesion involving particular brain structures could prediet poor test performance) in a stepwise multiple-regression procedure with the general and specific cognitive measures as dependent variables. The stepwise regression analysis was performed separately for right and left unilateral lesion groups. We used two different regression models, one unadjusted for preinjury AFQT percentile score and the second adjusted for preinjury AFQT percentile score (note that the second model always includes the preinjury AFQT percentile score at each step of the stepwise regression procedure). A significance level of p = 0.05 or less was required both to enter and remain in the stepwise regression procedure. This type of analysis allowed us to estimate the relative contribution of each predictor to each dependent measure's test-score variance.
Results Table 1 lists the performance scores on the dependent variables of interest, plus the mean preinjury Armed Forces Qualification Test (AFQT) percentile score and the mean total brain-tissue loss volume. These data indicate that the two groups tested are comparable on preinjury intelligence level and on total braintissue loss volume estimates. Both general and specific indices of cognitive processes are normally distributed, with mean scores suggesting that a sizable proportion of both lesion groups is functioning within normal limits, while the pattern of results indicates the more persistent effects of left hemisphere lesions. Table 2 reveals the association between the cognitive dependent variables and preinjury AFQT percentile score and the total brain-tissue loss volume. The most striking observation is that postinjury cognitive performance shows greater correlations with preinjury intelligence level than with volume of brain tissue lost. Left hemisphere tissue loss shows greater association with most cognitive measures than right hemisphere tissue loss; the exceptions are the WAIS Performance IQ, Block Design, and Spatial Rotation test scores.
Regression Model 1
The shared variance between the indices of brain damage we chose and cognitive performance was rather low in most cases. Figure 1 graphically displays the relative reliability of total braintissue loss volume or specific structure involvement within a Vol. 6, No. 2, Feb. 1986 predictability of total brain-tissue loss volume Q and particular brain structure lesions (H) for postinjury test performance. The total area within each circle represents 100% of the variance in performance for each dependent measure. The shaded areas illustrate the relative proportions of variance in performance on each dependent variable that can be predicted by total brain-loss volume and particular structural loss. For example, on the Verbal Concept Attainment Test, total brainloss volume and particular structural loss contribute to predicting test performance in the final model. For patients with right hemisphere lesions, each predictor accounts for about half the variance, whereas for patients with left hemisphere lesions, particular structural loss is a relatively better predictor of postinjury performance.
hemisphere in predicting performance on a cognitive measure. In the right hemisphere lesion group, total brain-tissue loss volume plays a negligible role. On both "general" and "specific" cognitive measures, specific structural involvement is the best predictor of test scores following brain injury. When patients with left hemisphere lesions are considered, the picture is somewhat different. The only significant predictor on the general cognitive measures is total brain-tissue loss volume. For the specific cognitive measures, specific structural loss is either the best or the only significant predictor of test performance (see Tables 3 and 4) . This relationship between brain damage and performance in left hemisphere lesion patients supports our hypotheses regarding the relative importance of structure loss and brain-tissue loss volume for predicting postinjury cognitive performance.
While the purpose of this study was not to delineate which specific brain structures, when damaged, are most predictive of impaired cognitive performance, some comment on the findings is necessary. In the right hemisphere lesion group, no structure was significantly associated with verbal IQ. Deep white matter lesions were most predictive of performance and full-scale IQ scores, emphasizing the likely importance of white matter disconnection/lesions in the persistence ofgeneral cognitive deficits (Geschwind, 1965) . Structure association was absent or negligible in predicting performance on two specific verbal measures, the Comprehension and Similarities subtests of the WAIS. Performance on a verbal test of concept formation was interestingly predicted not only by total brain-tissue loss volume but by the involvement of two anterior structures, the insula and caudate head. Both frontal cortex involvement and deep white matter lesions predicted performance on the Block Design Test, whereas temporaloccipital and more mesial cortex lesions, as well as corpus callosum involvement, predicted performance on a spatial rotation test. The relationship between performance on these tests and the specific predictive structures was generally not surprising, although the predictability of verbal concept performance by involvement of right anterior structures is somewhat surprising.
As we have described, for patients with left hemisphere lesions, only brain-tissue loss volume was predictive of performance on the general measures of cognitive processing (i.e., the VIQ, PIQ, and FSIQ). For the specific verbal tests (i.e., comprehension, similarities, and VCAT), frontal and temporal cortex and underlying white matter lesions are most predictive of impaired performance. On the Block Design Test, temporal cortex predictability of performance is negligible, while for performance on the spatial rotation test, lesions to the temporal cortex and underlying white matter are most predictive of impaired performance-a not totally unexpected finding, given recent studies on the relationship between the posterior left hemisphere and image generation (e.g., see Farah, 1984) .
Because of the generally low levels of predictability of impaired cognitive performance seen with specific brain structure involvement, these results must be considered suggestive at best. We suspected that postinjury performance on most of the cognitive measures was highly dependent upon educational level and premorbid intelligence. Therefore, the addition of the preinjury Armed Forces Qualification Test (Uhlaner, 1968) percentile score as a covariate forced into the regression model should elevate the overall predictability of postinjury cognitive performance (i.e., in conjunction with brain-tissue loss volume and specific structural loss) to acceptable levels. The results of this addition are described below.
Regression Model 2
Figure 2 graphically displays the relative ability of total braintissue loss volume and specific structural involvement to predict performance on a cognitive measure when adjusted for (i.e., in the presence of) preinjury intelligence (AFQT percentile score). In this case, we find that preinjury intelligence is the best predictor of postinjury cognitive performance on almost all measures. For right hemisphere lesions, on only one cognitive measure (i.e., the VCAT) can total brain-tissue loss volume better predict performance than can specific structural involvement.
For patients with left hemisphere lesions, the pattern of results of Model 2 is similar to that of Model 1, with the exception of the Comprehension and Block Design regression models, where total brain-tissue loss volume is now a better predictor of postinjury congitive performance than are particular brain strnctures, in the presence of the preinjury intelligence score. Unlike the results from Model 1, the degree of shared variance seen in Model 2 is fairly high, which can be explained by the addition of the preinjury intelligence estimate (see Tables 5 and 6 ).
Discussion
The following general conclusions appear justified on the basis of our results. We find that specific structural involvement is relatively more important in predicting persistence of specific cognitive impairments following penetrating brain wounds than total brain-tissue loss volume. This is particularly the case for left hemisphere lesion patients. The performance of left hemisphere lesion patients on more general cognitive measures, however, is better predicted by total brain-tissue loss volume than particular structural loss. This finding cross-validates earlier research and supports our hypotheses regarding the relative importance of total brain-tissue loss volume and particular structural loss for persistence of cognitive deficits. Since we observed this primarily in left hemipshere lesion patients, we need to stress that our tests were selected on face-validity. It could be Figure 2. Regression Model 2. Graphic demonstration of the relative predictability of total brain-tissue loss volume m and particular brain structure lesions (a) in the presence of the variance predicted by preinjury intelligence (AFQT) percentile score ( for postinjury test performance. The total area within each circle represents 100% of the variance in performance for each dependent measure. The shaded areus illustrate the relative proportions of variance in performance on each dependent variable that can be predicted by total brain-loss volume, particular structural loss, and preinjury AFQT percentile score.
that the current results stem partially from our choice of tests (e.g., most require the retrieval of old verbal knowledge or learned procedures) and are not generalizable. This is an important consideration, given the difficulty in constructing tasks that might measure the kind of visual-spatial/auditory processes most effectively subserved by right hemisphere brain mechanisms. Another factor in assessing the significance of our results is the hypothetically strong positive correlation betwen number of specific brain structures involved and total brain-tissue loss volume. In this case, the predictive effects of a set of specific brain structures might be due to a statistical artifact merely reflecting the cumulative effects of a large lesion. However, unpublished results from the Vietnam Head Injury Study (VHIS) reveal only a modest positive association between total number of specific brain structures that predict postinjury cognitive performance and total brain-tissue loss volume. Similarly, deep brain structures could, in some cases, better predict postinjury cognitive performance than total brain-tissue loss volume, because their involvement could reflect a common brain structure end point for lesion paths that originated from separate and distant skull penetrations. However, in our studies, it was surface cortex and particularly underlying white matter involvement that appeared most critical for the persistence of specific cognitive deficits (see Geschwind, 1965 , for further discussion of the role of white matter lesions in the persistence of cognitive deficit following brain injury).
Despite the emphasis of our study on brain lesions, it should be clear from the Model 2 regression analyses that the major predictor of persistence of cognitive deficits is preinjury intelligence/education. This finding suggests that preinjury intelligence/educational experience helps determine cognitive recovery and/or functional compensation for cognitive deficits and is relatively unaffected by focal lesions but is affected by large brain-tissue loss volume [or by left hemisphere brain lesions; Grafman et al. (unpublished observations) further discusses these issues].
It has been a long time since Lashley (1929) gave his last criticism of localizationist theory. More recent texts on neural plasticity and recovery of function (e.g., Singer and Stein, 1982; Porter and Fitzsimons, 1975; Rakic and Goldman-Rakic, 1982; Stein et al., 1974; Van Hof and Mohn, 198 1) tend to emphasize specific, almost modular processes and their recovery in animals with brain lesions (Finger, 1978) . Although the results from our The final regression model for each dependent variable, contrasting the proportion of postinjury test performance variance that can be predicted by preinjury intelligence (AFQT) with the predictability of the total model (for the right hemisphere lesion group). y Adjusting for preinjury AFQT percentile score (AFQT is always in the model as a covariate). * Preinjury AFQT percentile score + total brain-tissue loss volume + specific structural involvement (e.g., see Tables  3 and 4 ). The final regression model for each dependent variable, contrasting the proportion ofpostinjury test performance variance that can be predicted by preinjury intelligence (AFQT) with the predictability of the total model (for the left hemisphere lesion group). @ Adjusting for preinjury AFQT percentile score (AFQT is always in the model as a covariate). b Preinjury AFQT percentile score + total brain-tissue loss volume + specific structural involvement (e.g., see Tables  3 and 4) . 307 study may seem intuitively obvious, the study offers empirical evidence from human lesions that complements earlier research (Newcombe, 1969 ) that suggested that a modular approach to examining the persistence of cognitive deficits following brain injury would prove beneficial.
In summary, we find that brain-tissue loss volume inhibits recovery of general cognitive processes (probably because of the lack of remaining tissue to assume compensatory processing), while particular structural loss inhibits recovery of specific cognitive processes [but may allow for the use of compensatory cognitive processes subserved by noninvolved cortical tissue (Lund, 1978) to help patients perform on a general cognitive task]. Nevertheless, preinjury intelligence/education appears to play a larger role in predicting persistence of cognitive deficit than either total brain-tissue loss volume or particular structural loss.
